Abstract. The age structure of capital plays an important role in the measurement of productivity. It has been argued that the slowdown in the 1970's can be ascribed to the aging of the stock of capital. In this paper we incorporate the age structure in productivity measurement. Our final proposition shows that inclusion of the vintage effect prompts an upward correction of measured productivity growth in times of an aging stock of capital. Here capital ages if the investment/capital ratio falls short of the inverse of the capital age, as a first proposition shows. The analysis rests on a rigorous accounting for vintages. We translate the Bureau of Economic Analysis' age of capital data into a measure of rates of obsolescence. Empirically, the correction of productivity growth for the vintage effect requires an estimate of the obsolescence and depreciation parameters on the basis of age data. The results indicate that the use of capital stock in efficiency units does cause some smoothing of Total Factor Productivity growth over time and does ameliorate somewhat the measured productivity slowdown of the 1970s. 
Introduction
The age structure of capital plays an important role in the measurement of productivity. When investment is low, the stock of capital ages and, therefore, the units not only perish, but also become obsolete from a technological point of view:
capital is no longer state of the art. This mechanism has a negative contribution to measured productivity; in the absence of technical change, the Solow residual will be negative. Such an outcome is paradoxical, because the residual has been claimed to account for the shift of the production possibilities frontier (Solow, 1957 ) and knowledge does not contract, but expands.
At least conceptually, the paradox is resolved when capital is measured not in physical units, but in efficiency units (Hulten, 1992) . Then, continuing the low investment example, the higher obsolescence of capital will show up in a negative contribution to the growth of capital in terms of efficiency units. Since the Solow residual measure of productivity is the difference between the output growth rate and a weighted average of the labor and capital growth rates, the lower measure of capital growth (as capital is measured in efficiency units) yields more productivity. In other words, the conventional measure of productivity would understate the role of technical change in times of an aging stock of capital. It has been argued that the productivity slowdown of the 1970's can be ascribed to this vintage effect (Wolff, 1996) . The analysis of the vintage effect in productivity measurement goes back to Nelson (1964) . Suppose that this year's capital investment is s-percent more productive than last year's, with the obsolescence parameter s constant over time. Denote the capital stock measured in natural units (constant prices) by K, and the capital stock in "efficiency units" by K s . The greater the obsolescence parameter, the smaller will be the capital stock in efficiency units. In other words, K s will be decreasing in s. In fact, Nelson (1964) has postulated
(1) K s = K · exp (-sĀ) where Ā is the average age of the capital stock. This formula simply states that the capital stock existing at time t is, on average, less efficient by a factor of sĀ than the capital goods produced at time t. One of the contributions of this paper is that the Nelson (1964) specification is wrong. Since Wolff (1996) employed the formula, we must reinvestigate the ascription of the productivity slowdown to the vintage effect.
This paper sets up a rigorous framework of vintage capital that is amenable to estimation.
Although the functional form used in formula (1) will be shown to be untenable, the fact that a higher rate of obsolescence effectively diminishes the volume of capital is true and has a simple implication for the measurement of productivity. The explanation begins with a general definition of the level change in total factor productivity (TFP) by means of a Solow residual that features an arbitrary obsolescence parameter, s:
where p is the commodity price vector, y the net output vector, w the wage rate, L labor employment, and r the rental rate of capital. Division of expression (2) by py yields the customary expression for TFP-growth and the Solow residual, in terms of percent changes and value shares. This will be done in the next section.
When capital obsolescence is ignored, s = 0, K s = K, and d TFP
Otherwise measured productivity growth is corrected. A result of this paper is that the correction must be upward (downward) if capital ages (becomes younger). The measurement of capital in terms of efficiency units and the consequent adjustment of measured productivity require an estimate of the obsolescence parameter, s. This will be obtained by an analysis of age data. 
The model
Consider a unit of investment at time t, the vintage of this piece of capital, and the stream of services that it will yield at later times t' > t. (-σt) . This density function sums to unity over t > 0 indeed. The expected lifetime is
Here ∫ is the integral from 0 to ∞ . This notation holds throughout this paper.
Expression (3) shows that a rate of depreciation of for example 5% implies a lifetime of 20 years.
Change the perspective by looking backward from time t. Let I denote investment. In natural units (constant prices), the stock of capital at time t is (4) 
Equation (5) shows that in terms of efficiency units only the combined rate of depreciation and obsolescence matters, that is s + σ . As equation (3) showed that the physical lifetime of capital is 1/σ, the economic lifetime is only 1/(s + σ ).
Differentiating with respect to t and integrating by parts, 
where K s is given by (5) and also features s in combination with σ only. Formula (8) shows that TFP-growth equals net output growth minus labor growth, minus investment, and minus the sum of obsolescence and depreciation. From an economic point of view, it does not matter if capital deteriorates because of physical or technological aging--that is depreciation (σ) or obsolescence (s). Empirically, the obsolescence parameter is hard to get. For this purpose we will analyze age data.
Suppose we invested one unit of capital last year and one unit this year. The average age of the stock of capital is less than 0.5, because last year's unit has depreciated.
For example, if the rate of depreciation is 10%, we have 0.9 unit of last year and 1 unit of this year, so that the average age is 0.45. In terms of efficiency units, the average age is even less. For example, if the rate of obsolescence is also 10%, the average goes down to 0.40. Obviously, the average age of the stock depends on the rate of obsolescence we employ. Formally, it is defined by
The numerator accounts for each unit of capital by its age, t', and the denominator is the total number of units, or K s (t) of (4). When capital obsolescence is ignored, s = 0 and Ā s (t) = Ā (t). An important question is whether the average age of capital has risen or lessened over time. The answer depends on the time derivative of (9), which is presented in the next section.
The relationship between the age of capital and investment
Investment adds young units to the stock of capital. It contributes to the age reduction of capital. On the other hand, there is the autonomous aging of capital. To beat this, investment must be strong enough to lower the average age of capital. The change in the age of capital is given by the following Proposition.
Proof. The derivative of the numerator of (8) becomes, integrating by parts,
The derivative of the denominator of (8) is given by (5). It follows, by the quotient rule and the fact that the numerator can be written as (8) and (4),
This simplifies into 1 -
Proposition 1 is quite intuitive. It states that if the investment ratio is the inverse of the age of capital, then the age will be preserved. If the investment ratio is higher (lower) than the inverse of the age of capital, then capital will become younger (older). Though intuitive, Proposition 1 has an important ramification.
Proposition 2. Formula (1) is wrong.
Proof. Suppose (1) is right. Differentiation with respect to time yields, (5) and (1), the left hand side is (-sĀ) . Multiplying through by exp(sĀ) we obtain
On the right hand side, using (5) with s = 0, the first term is I -σ K and, using Proposition 1 with s = 0, the second term is 
Estimation of obsolescence and of the growth in the capital stock
Instead of using Nelson's formula (1) in a regression analysis (Wolff, 1996) , we will go back to basics--namely equation (9), the definition of capital age. Since we assume that the obsolescence and depreciation parameters are constant over time, the equation cannot exactly meet the data and, therefore, we must attach an error term:
On the left hand side we enter the Bureau of Economic Analysis' age of capital (by type of capital) and implicitly assume that the weights of vintages are in terms of efficiency units. 4 There are 57 types of capital goods (see Table 1 for a listing) and the series runs from 1947 to 1997. 
. Maximization of the log likelihood, which is a series, yields an estimate of s+σ. If the error term is normally distributed, estimation via nonlinear least squares estimator (NLLS) is equivalent to maximum likelihood estimation, so in that case NLLS will provide consistent and asymptotically efficient estimates (Amemiya, 1985) . Equation (10) was estimated using NLLS, with a separate regression performed for each capital type to arrive at type-specific rates of obsolescence and depreciation.
The results are shown in Table 1 . In light of the rapid rate of technological innovation in the computer industry, it is no surprise that the rates of obsolescence and depreciation are highest for computer-related equipment. The estimates suggest that, on average, more than half (0.521) of the efficiency units of mainframe computers and computer tape drives was lost each year during the period to obsolescence and depreciation, with the rates for computer storage devices (0.457) and computer printers (0.452) only somewhat slower. To put these rates in perspective, an annual rate of obsolescence and depreciation of 0.067 is obtained if one restricts this parameter to be the same for all capital types combined. On the other end of the spectrum are buildings and other structures, which tend to have longer lives than other types of capital. For example, the combined rate of depreciation and obsolescence for commercial warehouses is 0.023, that for amusement and recreational buildings is 0.025, and that for hospitals and other institutional buildings is only 0.019. In the middle is a variety of industrial, transportation and miscellaneous equipment, such as aircraft (0.103), agricultural machinery (0.115), and construction machinery (0.051).
We next compare rates of growth of our newly estimated net stocks of capital with those of the Bureau of Economic Analysis (BEA) both by type of capital and by industry. It should be noted that while the BEA does adjust capital stock each year for depreciation, it does not generally adjust the capital stock figures for technological obsolescence. The major exception is computer equipment, which is adjusted each year on the basis of a hedonic regression that captures such features of computers as speed and memory. The comparisons are shown in Tables 2 and 3.   Table 2 shows the annualized growth rates of net capital stock by capital type. We have aggregated the types from the original 57 to 28 because many of the series have zeroes in the early years of the period (for example, computer equipment and nuclear fuel rods.) If the vintage parameter s is positive, then a rising ratio of investment to net capital stock over a period will cause the vintage-adjusted capital growth rate to exceed the BEA capital growth rate. Conversely, if the investment to net capital stock ratio is declining over a period (and s is positive), then the vintage-adjusted capital growth rate will be less than the BEA capital growth rate. Other large differences in the two growth rates are observed for autos as well as railroad structures and track. However, by and large, the correlation in the two sets of capital growth rates is very high by ten-year period--ranging from 0.983 to 0.998.
The BEA capital stock data are also available for 62 individual industries (see Appendix Table 1 for a listing). In Table 3 , we show the results for 11 major sectors. 
Estimation of implied TFP-growth
Substitution of our estimate of the total obsolescence and depreciation rate in formula (8) yields TFP-growth corrected for vintage effects. Estimates of TFP-growth based on BEA capital and on efficiency units (that is, vintage-adjusted capital stock) are shown in Table 4 for the major sectors and the total non-governmental economy. The output measure is real gross domestic product in chained 1992$; the labor input is persons engaged in production (PEP); the capital input is nonresidential net stocks, real-cost valuation (1992$); and the labor share is the ratio of employee compensation to net national product.
6 Due to differences in industry classification between the two sources, we use 58 industries instead of 62 (see Table 5 ).
Over 
Aging capital and the vintage effect on TFP
The effect of the incorporation of the rate of obsolescence on TFP-growth is shown to depend on the aging of the stock of capital. In fact, there is a straight proportionality between aging and the vintage effect:
Proof. Differentiate (8) with respect to s, using (5) and (9)
The message of this proposition is clear. In times when capital becomes older, measured TFP-growth increases as obsolescence, s, is taken into account.
Conversely, in times when capital becomes younger, measured TFP-growth decreases as obsolescence, s, is taken into account. Thus, the incorporation of obsolescence may well remove some of the cyclicallity of TFP-growth. Let us explain.
In an upswing of the business cycle the investment/capital ratio tends to be high. This means, by Proposition 1, that capital becomes younger, and, therefore, by Proposition 3, that the incorporation of the vintage effect in TFP measurement amounts to a downward correction. By the same token, in a downswing of the business cycle capital grows older and the incorporation of the vintage effect amounts to an upward correction. In short, the vintage effect is expected to be counter-cyclical.
TFP-growth itself, however, is known to be pro-cyclical, which is considered an awkward finding, as it is supposed to measure the shift of technology rather than the business cycle (see, for example, Gordon, 1979) . As the vintage effect is expected to be counter-cyclical, it may have a smoothing impact. In short, the vintage effect may throw light on productivity puzzles such as the pro-cyclical behavior of TFP-growth and the slowdown of productivity in the 1970's.
The results displayed in Table 5 deviations of the TFP-growth rates over the five ten-year periods (1947-57, 1957-67, 1967-77, 1977,87, and 1987-97) .
There 
Conclusion
TFP-growth is known to be pro-cyclical, an awkward finding, as it is supposed to measure the shift of technology rather than the business cycle. If the age of capital is counter-cyclical, then the vintage effect is also counter-cyclical by Proposition 3, a
Recovery' should be understood as representing differences between the two surrounding ten-year's periods in each case rather than single-year events.
neutralizing effect. In short, the vintage effect throws light on productivity puzzles such as the slowdown in the 1970's and the pro-cyclicality.
The results indicate that the use of capital stock in efficiency units does cause some smoothing of TFP growth over time. It is also noteworthy that the productivity growth slowdown of the 1970's--known from studies that do not take into account the age structure of capital--is reduced on the basis of these new capital stock data. The reason is that capital became older over this period. The relationship between the aging of capital and the sign of the vintage effect has a theoretical foundation. 
BEA

Vintage
Diff.
BEA
Vintage
BEA
Vintage
BEA
Vintage
BEA
Vintage
omputer Equipment Computer equipment is excluded because of zero values for the computation of correlation coefficients for 1947-1997, 1947-1957, and 1957-1997. Note: The output measure is real gross domestic product in chained 1992$; the labor input is persons engaged in production (PEP); the capital input is nonresidential net stocks, real-cost valuation (1992$); and the labor share is the ratio of employee compensation to net national product.
a. Non-governmental services only. Note: See notes to Table 4 for technical details on TFP estimation. The government sector is not included.
